The electrospray ionization-collision-induced dissociation mass spectra of nine pyrogallol tribenzyl ethers, 2-10, and a catechol dibenzyl ether, 11, that bear various functional groups or larger structural extensions have been studied with respect to the occurrence of a highly characteristic consecutive loss of two benzyl radicals from the sodiated molecular ions,
Introduction
The gas-phase chemistry of the adduct ions formed from organic molecules and bare alkali cations, such as the [M þ Na] þ molecular ions generated ubiquitously under the conditions of electrospray ionisation (ESI) mass spectrometry 1,2 of polar or semi-polar organic compounds, is a matter of both analytical and fundamental interest in mass spectrometry. On the one hand, the relatively high stability of [M þ Na] þ and related molecular adduct ions offers a great potential to detect and identify such compounds under ESI conditions quite readily and the subsequent collision-induced dissociation (CID) can be triggered under facile control of the activation energy to give rise to structure-specific mass spectra. 3 On the other hand, the course of fragmentation of [M þ Na] þ molecular ions obeys rules that differ in many aspects from our well-established understanding of the fragmentation of molecular radical cations, M þ , and the corresponding molecular ions generated by protonation, [M þ H] þ . [4] [5] [6] [7] [8] [9] [10] [11] One particular rule appears to evolve from studies on ESI-CID mass spectrometry over the past years: The unimolecular fragmentation of the organic part of an [M þ alkali] þ ion occurs preferably as it would take place in the neutral molecule itself, for example, by homolytic dissociation of weak covalent bonds. In addition, the presence of an alkali metal cation coordinated to the molecule may facilitate this process in the sense of charge-remote fragmentation.
Initiated by purely analytical interest in the mass spectra of a number of complex oligobenzyl ethers of naturally occurring polyphenols, such as the prodelphinidins and their gallocatechin precursors, 13 we investigated the strikingly specific two-fold consecutive loss of benzyl radicals from the sodiated molecular ions of such multiply oxy-functionalised compounds. In some cases, we observed up to three fragmentation sequences each of which comprises of the apparent elimination of 182 u from the [M þ Na] þ ions, that is, the rapid consecutive loss of two C 7 H 7 radicals (2 Â 91 u). It became obvious that this fragmentation process occurs most easily with the dibenzyl ethers of catechol and hydroquinone, and higher analogues that contain either an ortho-bis(benzyloxy) or a para-bis(benzyloxy) grouping, respectively, within the molecular structure. A systematic study of the fragmentation of the [M þ Na] þ ions of the simple dibenzyl ethers derived of catechol, resorcinol and hydroquinone, and the tribenzyl ethers of pyrogallol and 1,2,4-trihydroxybenzene allowed us to gain deeper insight into the reactivity of the gaseous [M þ Na] þ adduct ions of these compounds.
14 Deuterium labelling in the case of the two tribenzyl ethers mentioned above yielded valuable mechanistic information and insight into the regioselectivity of the fragmentation. The characteristic fragmentation scenario of the [M þ Na] þ ions of pyrogallol tribenzyl ether, 1, is illustrated in Scheme 1.
The major fragmentation route of ions [1 þ Na] þ , comprising the above-mentioned two-fold loss of C 7 H 7 , starts with the cleavage of the central CÀO bond and necessarily generates an ortho-quinone adduct ion. A minor channel enables the loss of the two outer benzyl residues and leads to an (isomeric) benzodioxole-type adduct ion. A third, likewise minor channel allows for the elimination of benzaldehyde from one of the outer benzyl ether groups, thus generating the [M þ Na] þ molecular ions of catechol dibenzyl ether which, in turn, undergo two successive losses of C 7 H 7 . A similar, somewhat more complex scenario was elucidated for the [M þ Na] þ molecular ions of 1,2,4-trihydroxybenzene tribenzyl ether. 14 In the present work, we give an overview on further examples of the characteristic two-fold or even multiple mass spectrometric loss of benzyl radicals from the
þ ions of pyrogallol-derived oligobenzyl ethers. In particular, we wanted to check whether, and to which extent, functional groups and/or structural variations affect the otherwise dominating loss of benzyl groups. We have focused our study on derivatives of pyrogallol tribenzyl ether (1) , that either bear a simple functional group or where the pyrogallol unit is part of a larger framework of any oligobenzyl ether structure. These compounds, representing synthesis building blocks of the previous work, 13 are collected in Chart 1. The synthesis of these compounds has been described previously (see Experimental section).
Experimental

Mass spectrometry
The ESI-CID mass spectra were recorded by use of an Esquire 3000 ion trap mass spectrometer (Bruker Daltonik GmbH) equipped with a standard nano-ESI source. The samples were introduced via self-made nanospray needles as chloroform/methanol solutions containing sodium tetrafluoroborate. Nitrogen generated by a Bruker nitrogen generator (model NMG 11) was used as a drying gas. The ions were formed and transferred to the ion trap using a capillary exit offset of 70 V and a drying gas temperature of 100 C. Helium served as a cooling gas for the ion trap and collision gas for MS n experiments. The fragmentation amplitude used for CID was in the range of 0.7À1.2 V. The mass window used for ion selection was set at Á(m/z) ¼ 4.0 in the case of ions [2 þ Na] þ but at Á(m/z) ¼ 1.0 in most other cases. The exact relation between the CID collision energies and the voltage amplitudes and the average Chart 1. Pyrogallol-derived (2À10) and catechol-derived (11) oligobenzyl ethers studied in the present work.
number of collisions of a single ion were not defined. The spectra were recorded with the Bruker Daltonik Esquire NT 5.2 Esquire Control software by accumulating and averaging several single spectra. DataAnalysis TM 3.4 was used for spectra processing.
Compounds
The compounds studied in this work were prepared according to literature procedures. Their identity and purity were checked by proton nuclear magnetic resonance spectroscopy and electron ionisation mass spectrometry. 3,4,5-Tris(benzyloxy)benzoic acid (2), 15, 16 methyl 3,4,5-tris(benzyloxy)benzoate (3), 15 ,17 3,4,5-tris-(benzyloxy)benzaldehyde (4) 18 and 3,4,5-tris(benzyloxy)phenyl)methanol (5) 17 were obtained as described. The syntheses and properties of ( (8) and 5,7-bis(benzyloxy)-2-[3,4,5-tris(benzyloxy)phenyl]-2H-chromene (9) were described in a previous work. 19 2,3-Trans-3,4-cis-4,5,7,3',4',5'-hexakis(benzyloxy)flavan-3-ol (10) and 2,3-trans-3,4-cis-4,5,7,3',4'-pentakis(benzyloxy)flavan-3-ol (11) were synthesized and characterized as direct precursors in the first work of this series of papers on the ESI-CID mass spectrometry of prodelphinidin and other arene oligobenzyl ethers. 13 Results and discussion CID mass spectra of the [M þ Na] þ molecular ions of gallic acid tribenzyl ether (2) and simple congeners (2 and 5)
As shown in Scheme 1, the major fragmentation of the sodiated molecular ions of pyrogallol tribenzyl ether, . In this
Scheme 2. Stepwise loss of two C 7 H 7 radicals from the [M þ Na] þ adduct ions of gallic acid tribenzyl ether (1) and its methyl ester (2) . The route shown is assumed to be the major pathway.
section, we present the effect of functional groups at position C 5 of the pyrogallol nucleus on this fragmentation behaviour.
The CID mass spectrum of sodiated gallic acid,
þ (m/z 463), is shown in Figure 1 . It is extremely simple and shows the very same fragmentation behaviour known for ions [1 þ Na] þ , namely, the consecutive loss of two benzyl radicals. Collisional activation of the primary fragment ions, [ 
þ ions (m/z 281), confirming that the two-fold loss of C 7 H 7 takes place in two separate steps, again in parallel to the findings with ions
þ and a variety of deuterium-labelled analogues studied previously. Collisional activation of the [2 þ Na
þ ions in an MS 4 step reveals the elimination of CO. In strict analogy to gallic acid tribenzyl ether (2), the [M þ Na] þ ions of the corresponding methyl ester, 3, undergo the clean sequence [ 
þ (m/z 295) (see Supporting Information, Figure  S1 ). It is remarkable that the presence of neither the acid nor ester functionality show up directly in the ESI-CID mass spectra by a specific fragmentation. Scheme 2 shows this simple fragmentation behaviour for the molecular ions [ 
We assume that the fragmentation starting by cleavage of the O 2 Àbenzyl bond prevails here as it does in the parent case of ions [1 þ Na] þ . At first sight, the ESI-CID mass spectra of gallic aldehyde tribenzyl ether (4, Figure 2 ) and the corresponding benzylic alcohol (5, Figure 3 þ (m/z 449). In addition, however, the elimination of carbon monoxide and, respectively, of formaldehyde competes more or less efficiently, generating the fragment ions m/z 419 in both cases. It can be safely assumed that these ions have the structure of the sodiated molecular ions of pyrogallol tribenzyl ether, [1 þ Na] þ , studied previously. In fact, all fragment ions found in the ESI-CID mass spectrum of the m/z 419 ions generated from aldehyde 4 undergo the well-known dominating loss of two C 7 H 7 radicals (m/z 328 and 237) along with the minor but characteristic elimination of benzaldehyde (m/z 313). These fragmentation reactions are very pronounced in the case of the aldehyde 4, in contrast to that of the benzylic alcohol 5, where they occur only to a vanishingly small extent (not shown explicitly in Figure 3 ). This suggests that the expulsion of CO from ions [ ] þ (cf. Scheme 1), it may be speculated that the sequence [ 
þ (m/z 161) reflects the fragmentation of sodiated molecular ions of 3,4-bis(benzyloxy)benzyl alcohol, which has not been studied in the present work. At this point, it can be stated that, in contrast to the acid-and methyl ester-functionalised molecular ions CID mass spectra of the [M þ Na] þ molecular ions of 1,3-diphenylpropane-based pyrogallol (6 and 8) and chromene-based (9) pentabenzyl ethers
In this section, we present and briefly discuss the collision-induced fragmentation of sodiated molecular ions of the 1,3-diphenylpropane-based compounds 6À8 and of the chromene derivative 9. The [M þ Na] þ ions of these four pentabenzylated polyphenols are again dominated by the two-fold consecutive loss of benzyl radicals. We illustrate the most telling examples of this series, the CID spectra of the 1,2-propanediol-derived ions [8 þ Na] þ (Figure 4 ) and of the chromene ions [9 þ Na] þ ( Figure 5 ) here and those of the related ions [6 þ Na] þ and [7 þ Na] þ in the Supporting Information ( Figures S2 and S3, respectively) . In all cases, the consecutive loss of two C 7 H 7 radicals dominates the spectra under the conditions used. The homolytic dissociation of two further CÀO bonds is observed for both ions [6 þ Na] þ and [7 þ Na] þ but in much lower relative abundance. In the case of the propanediol ions, the sequence [ 
þ (m/z 615) stops completely at the latter point. The dominance of the two-fold benzyl loss suggests that, here again, the major contribution of the fragmentation process is due to the dissociation of the pyrogallol tribenzyl ether moieties of the organic framework of ions [ 
to generate mostly ortho-quinone-type adduct ions. This agrees with the observation of the elimination of benzaldehyde in minor relative amounts from ions [6 þ Na] þ and [8 þ Na] þ and in quite high relative abundance from ions [7 þ Na] þ , as another characteristic feature of sodiated pyrogallol ions. Based on the results of our previous study, 14 we assume that the phloroglucinol dibenzyl ether moieties 
þ contribute only to a minor extent to the overall benzyl loss.
The ESI-CID mass spectrum of the propanediol ions [8 þ Na] þ is more informative than the spectra of ions [6 þ Na] þ and [7 þ Na] þ because the presence of the diol functionality shows up by the loss of water,
þ at m/z 779 ( Figure 4 ). The subsequent loss of 182 u from these ions by the fast consecutive loss of two C 7 H 7 radicals takes place as well, again in minor relative abundance, to give ions
þ with m/z 597. In contrast, the [8 þ Na À C 6 H 5 CHO] þ fragment ions undergo practical no subsequent loss of C 7 H 7 : the expected peak at m/z 600 is almost absent.
The ESI-CID mass spectrum of the flavene pentabenzyl ether 9 ( Figure 5 ) is relatively simple, at least at first sight. Once again, the consecutive loss of two benzyl radicals prevails and the elimination of benzaldehyde is a rather minor fragmentation channel. Thus, it can be safely assumed that the major fragmentation occurs at the pyrogallol moiety to produce the corresponding ortho-benzoquinone ions, as shown in Scheme 3. However, the rather intense peak at m/z 343 in the ESI-CID mass spectrum of 9 is highly remarkable. It indicates the formation of a sodium-free fragment ion, to which we tentatively assign the structure of the 5,7-bis(benzyloxy)chromylium ion. The particular thermochemical stability of the chromylium core may be the reason for the surprising ease of this fragmentation route. In this context, it is also remarkable that another, albeit minor, dissociation path leading to sodium-free fragment ions was observed in the ESI-CID mass spectra of ions [ Figures S2 and S3) . In both cases, a peak appears at m/z 445 with minor but significant relative intensity, and we assume that the corresponding fragment ions have the structure of [3,4,5-tris(benzyloxy)styrene þ Na] The examples presented so far represent characteristic cases for the facile and dominating consecutive loss of two or more benzyl radicals from the sodiated molecular ions of arene oligobenzyl ethers. The final two cases to be discussed here constitute counter examples. In the course of the synthesis of the multiply benzylated prodelphidinins reported earlier, 13 two 3-flavanol oligobenzyl ethers were prepared that contain an additional benzyloxy group at the benzylic C-4 position of the chromene core. The structures of these compounds, 10 and 11, bear five or four arene benzyl ether groupings, respectively, in analogy to the examples discussed above, a free alicyclic alcohol functionality and, in contrast to those cases, an aliphatic benzyl ether group. It turned out that the [M þ Na] þ ions of these oligobenzyl ethers do not undergo the two-fold loss of benzyl radicals as a primary fragmentation.
The ESI-CID mass spectrum of the hexakis(benzyloxy)flavanol 10 and its lower analogue 11 are reproduced in Figures 6 and 7 . In both cases, the primary fragmentation of the [M þ Na] þ ions occurs by elimination of benzyl alcohol giving ions with m/z 777 and m/ z 671, respectively. The losses of a C 7 H 7 radical (m/z 794) and benzaldehyde (m/z 779) compete in only minute amounts from ions [10 þ Na] þ and are practically absent for ions [11 þ Na] þ . However, once benzyl alcohol is lost, the [10 þ Na À C 6 H 5 CH 2 OH] þ ions (m/z 777) undergo the usual fragmentation by two-fold loss of C 7 H 7 radicals (m/z 686 and 595) and of benzaldehyde (m/z 671). This secondary and tertiary fragmentation behaviour is seen with the pentabenzyl ether ions [11 þ Na] þ even more cleanly ( Figure 7 ). There is no doubt that the primary elimination of benzyl alcohol involves the dibenzylic ether grouping of the molecular ions [10 þ Na] þ and [11 þ Na] þ , rather than the other (aryl benzyl) ether units. Although the structural identity of the [M þ Na À C 6 H 5 CH 2 OH] þ ions (m/z 777 and 671) remains unclear here, we speculate that they do not have a 3-hydroxy-substituted 3-flavene-based structure similar to ions [9 þ Na] þ (cf. Scheme 3). In such a case, we would expect a characteristic cleavage of the central CÀC bond to produce, here again, a sodiumfree chromylium ion, which would be even further stabilized owing to the 3-hydroxy group. Due to the lack of this fragmentation, we assume that the elimination of benzyl alcohol from ions [ 
Conclusion
The consecutive loss of two benzyl radicals (182 u) from the [M þ Na] þ adduct ions of pyrogallol tribenzyl ether and its derivatives and congeners is a dominating fragmentation route under the conditions of ESI-CID mass spectrometry. The preponderance of this reaction sequence is not affected by functional groups at the pyrogallol core or by larger side chain groupings of various types, such as in chalcone-or other g-arylpropyl-based derivatives or in chromane-or chromenebased congeners, such as gallocatechin oligobenzyl ethers. Moreover, various fragment ions appearing in the CID mass spectra of such [M þ Na] þ ions undergo the two-fold loss of benzyl radicals as well. Thus, the energy requirements for the double loss of C 7 H 7 radicals are particularly low, in accordance with the results of previous model studies. 14 However, in the presence of an additional dibenzyl ether moiety, such as in the [M þ Na] þ ions of pyrogallol tribenzyl (and catechol dibenzyl) ethers 10 and 11, the two-fold consecutive loss of C 7 H 7 radicals is suppressed by the even more energetically favourable loss of benzyl alcohol. On the whole, the facile consecutive loss of two benzyl radicals from the sodiated molecular ions of pyrogallol and related polyphenol oligobenzyl ethers reflects the ease of the homolytic dissociation of particular weak benzylic CÀO bonds in the presence of an alkali metal cation. More examples and understanding of this feature of gas-phase [M þ Na] þ ion chemistry are being accumulated 20, 21 which, in our view, appears to much more general than a mere exception of the longknown, well-established even electron rule in classical organic mass spectrometry. 
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